INTRODUCTION
The importance of reactive oxygen species (ROS) and free radicals in pathological events is becoming increasingly apparent. Exposure of cells to extracellular ROS initiates a variety of intracellular signalling pathways (reviewed in [1] ), which may lead to cell death through apoptosis [2] . ROS and free radicals may also be generated intracellularly in response to numerous stimuli [2] . Such events may be particularly relevant to cardiac pathophysiology because the heart is subjected to significant oxidative stress during ischaemia and ischaemia\reperfusion (reviewed in [3] [4] [5] ). Furthermore, ROS can mimic the effects of ischaemic preconditioning, implying the existence of signalling pathways that are shared with ischaemia [6] .
There are at least three subfamilies of the mitogen-activated protein kinase (MAPK) superfamily (reviewed in [7] [8] [9] ). These are the extracellularly responsive kinases (ERKs), the c-Jun Nterminal kinases (JNKs), which are also known as the stressactivated protein kinases (SAPKs), and the p38-MAPKs. The ERKs are involved in anabolic processes (cell growth, division
Abbreviations used : ERK, extracellularly responsive kinase ; ET-1, endothelin-1 ; GPCR, G-protein-coupled receptor ; GST, glutathione S-transferase ; HSP, heat-shock protein ; IEF, isoelectric focusing ; JNK, c-Jun N-terminal kinase ; MAPK, mitogen-activated protein kinase ; MAPKAPK, MAPK-activated protein kinase ; MBP, myelin basic protein ; MEK, MAPK (or ERK) kinase ; PKC, protein kinase C ; PKI, cAMP-dependent protein kinase inhibitory peptide ; ROS, reactive oxygen species ; SAPK, stress-activated protein kinase. 1 To whom correspondence should be addressed (e-mail p.sugden!ic.ac.uk).
phorylation. However, maximal phosphorylation (activation) was more rapid ( 5 min) than for the SAPKs\JNKs or the ERKs. We studied the downstream consequences of p38-MAPK activation by examining activation of MAPK-activated protein kinase 2 (MAPKAPK2) and phosphorylation of the MAPKAPK2 substrate, the small heat shock protein HSP25\27.
As with p38-MAPK, MAPKAPK2 was rapidly activated (maximal within 5 min) by 0.1 mM H # O # . This activation was abolished by 10 µM SB203580, a selective inhibitor of certain p38-MAPK isoforms. The phosphorylation of HSP25\27 rapidly followed activation of MAPKAPK2 and was also inhibited by SB203580. Phosphorylation of HSP25\27 was associated with a decrease in its aggregation state. These data indicate that oxidative stress is a powerful activator of all three MAPK subfamilies in neonatal rat ventricular myocytes. Activation of all three MAPKs has been associated with the development of the hypertrophic phenotype. However, stimulation of p38-MAPK and the consequent phosphorylation of HSP25\27 may also be important in cardioprotection. and differentiation). In contrast, the SAPKs\JNKs and the p38-MAPKs appear to be primarily involved in the response of cells to cytotoxic agents and interventions. Although activation of SAPKs\JNKs and p38-MAPKs has been implicated in apoptosis in a variety of cells [10] [11] [12] [13] [14] , including ventricular myocytes [15] , whether they promote survival or are involved in cell necrosis\ apoptosis remains to be clearly established. A variety of substrates for the MAPKs have been identified including several transcription factors and other protein kinases, and these phosphorylations are probably responsible for the ultimate cellular effects of MAPK activation. One of the substrates for p38-MAPK is MAPK-activated protein kinase 2 (MAPKAPK2), which phosphorylates the small heat-shock protein, HSP25\27 [16, 17] . In Chinese hamster ovary cells and endothelial cells, phosphorylation of HSP25\27 is associated with stabilization of the actin cytoskeleton, protecting cells against damage [18, 19] .
All three subfamilies of the MAPKs can be activated in the heart. In cultured neonatal ventricular myocytes, the ERKs are strongly activated by G-protein-coupled receptor (GPCR) agonists, such as endothelin-1 (ET-1) and α " -adrenergic agents, and by phorbol esters (e.g. PMA) [20] [21] [22] . ERKs are also activated, though to a lesser degree, by certain cellular stresses (e.g. hyperosmotic shock) [23] . The SAPKs\JNKs are strongly activated by cellular stresses including hyperosmotic shock and protein-synthesis inhibitors [23] . ET-1 and α " -adrenergic agents activate the SAPKs\JNKs, though to a lesser extent [23, 24] . In perfused adult rat hearts, the ERKs are activated by GPCR agonists and PMA [25, 26] , and the SAPKs\JNKs are activated by ischaemia\reperfusion [27] [28] [29] or the GPCR agonist, phenylephrine [26] . Activation of p38-MAPK has been demonstrated in adult perfused hearts subjected to ischaemia and ischaemia\ reperfusion [28, 29] or phenylephrine [26] . Activation of SAPKs\JNKs and p38-MAPK by ischaemia\reperfusion is reduced by antioxidants, implying participation of ROS [30] . Here, we have examined the effects of oxidative stress (as exemplified by H # O # ) on the activities of the different MAPK subfamilies and MAPKAPK2, and the phosphorylation of HSP25\27.
EXPERIMENTAL Materials
Tissue culture materials were from previously described sources [22] . Rabbit polyclonal antibodies to JNK1 (sc-474) and HSP25\27 (sc-1049) were from Santa Cruz Biotechnology Inc. and supplied by Autogen Bioclear (Devizes, Wilts., U.K.). Antibodies to the dually phosphorylated form of p38-MAPK were from New England Biolabs (U.K.) Ltd. (Hitchin, Herts., U.K.). The recombinant human c-Jun transactivation domain (residues 1-135) was expressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli and was purified by glutathione-Sepharose (Pharmacia, St. Albans, Herts., U.K.) chromatography. cAMP-dependent protein kinase inhibitory peptide (PKI ; amino acid sequence TTYADFIASGRTGRRNA-IHD) was from Bachem (Saffron Walden, Essex, U.K.). The KKLNRTLSVA MAPKAPK2 peptide substrate [17, 31] was synthesized by Severn Biotech (Kidderminster, Worcs., U.K.). PD98059, GF109203X, SB203580 and Ro318220 were obtained from Calbiochem (Beeston, Notts., U.K.) and stock solutions (10-50 mM) prepared in DMSO. [γ-$#P]ATP was from NEN Life Science Products (Brussels, Belgium). Prestained molecularmass markers, biotinylated anti-rabbit IgG, enhanced-chemiluminescence blotting reagents and Hyperfilm MP were from Amersham International (Amersham, Bucks., U.K.). SDS\ PAGE and isoelectric focusing (IEF) reagents were from BioRad (Hemel Hempstead, Herts., U.K. 
Primary culture of ventricular myocytes and sample preparation
Myocytes were prepared from the ventricles of neonatal SpragueDawley rat hearts by an adaptation of the method of Iwaki et al. [32] as described previously [22] . The cells were pre-plated to remove fibroblasts and then plated (1.4i10$ cells\mm#) on to 60 mm or 35 mm gelatin-coated dishes in Dulbecco's modified Eagle's medium\Medium 199 (4 : 1, v\v) containing 10 % (v\v) horse serum, 5 % (v\v) fetal calf serum and 100 units\ml each of penicillin and streptomycin. After 18 h, the cells were confluent and beating. The cells were incubated for 24 h in 4 ml of serumfree medium and then exposed to H # O # (added directly to the medium while mixing), 1 µM PMA or 0. 
FPLC of ERKs and MAPKAPK2
Myocytes (four 60 mm dishes) were scraped into extraction buffer A (150 µl\60 mm dish) and homogenized. The samples were centrifuged (10 000 g, 5 min, 4 mC) and the supernatants were recentrifuged. Proteins (0.5 ml of extract) were separated by FPLC. ERKs were separated on a Mono Q HR5\5 column equilibrated with 50 mM Tris\HCl (pH 7.3)\2 mM EDTA\2 mM EGTA\0.1 % (v\v) 2-mercaptoethanol\5 % (v\v) glycerol\0.03 % (v\v) Brij-35\0.3 mM Na $ VO % \1 mM benzamidine\4 µg\ml leupeptin. Following a 5 ml isocratic wash, ERKs were eluted using a linear NaCl gradient (20 ml, 0-0.33 M NaCl) at a flow rate of 1 ml\min with collection of 0.5 ml fractions. They were assayed by the incorporation of $#P from [γ-$#P]ATP into MBP by the direct method as described previously [20, 21, 23] . Samples of fractions were also taken for in-gel kinase assays and were boiled with 0.33 vol of SDS sample buffer.
For MAPKAPK2, myocyte extracts (0.5 ml) were applied to a Mono S HR5\5 column equilibrated with 25 mM β-glycerophosphate (pH 7.3)\2 mM EDTA\5 % (v\v) glycerol\0.1 % (v\v) Triton X-100\0.3 mM PMSF\0.5 mM dithiothreitol. Following a 5 ml isocratic wash, MAPKAPK2 was eluted using a linear NaCl gradient (15 ml, 0-0.3 M NaCl) at a flow rate of 1 ml\min with collection of 1 ml fractions. MAPKAPK2 was assayed by the incorporation of $#P from [γ-$#P]ATP into KKLNRTLSVA peptide substrate [17, 31] as described previously [28] , with an incubation time of 30 min. Total MAPKAPK2 activity was determined by integration of the FPLC peaks.
JNK1 immunoprecipitation
Myocytes (60 mm dishes) were scraped into 150 µl\dish immunoprecipitation buffer [10 mM Tris\HCl (pH 7.4)\5 mM EDTA\ 50 mM NaF\50 mM NaCl\2 mM Na $ VO % \0.1 % (w\v) fatty acid-free BSA\20 µg\ml aprotinin] containing 20 mM n-octyl β--glucopyranoside and 1 % (v\v) Triton X100, and were homogenized. The samples were extracted on ice (10 min) and centrifuged (10 000 g, 5 min, 4 mC). The supernatants (150 µl) were incubated with 4 µl (0.4 µg) of JNK1 antibody with mixing (2 h, 4 mC). Protein A-Sepharose was added (20 µl of a 50% slurry in immunoprecipitation buffer) and the samples mixed (1 h, 4 mC). The samples were centrifuged (10 000 g, 1 min, 4 mC), the supernatants were removed and boiled with 0.33 vol. SDS sample buffer. The pellets were washed in immunoprecipitation buffer (3i150 µl), resuspended in 140 µl of immunoprecipitation buffer and boiled with 50 µl of SDS sample buffer.
In-gel protein kinase assays
MAPKs were assayed by the in-gel kinase method [34] . Proteins (50 µg for myocyte extracts ; 30 µl for FPLC fractions and JNK1 immunoprecipitates) were separated on 10 % (w\v) SDS-polyacrylamide gels [6 % (w\v) stacking gel], which were formed in the presence of 0.5 mg\ml MBP for the assay of ERKs, or of 0.5 mg\ml GST-c-Jun(1-135) for the assay of SAPKs\JNKs. The gels were washed and processed as described previously [35] .
Phospho-p38-MAPK immunoblot analysis
Proteins (50 µg) were separated by SDS\PAGE on 10 % (w\v) polyacrylamide gels and transferred electrophoretically to nitrocellulose [36] . The blots were probed with phospho-p38-MAPK antibody according to the manufacturer's instructions. The bands were detected using enhanced chemiluminescence (ECL) with exposure to Hyperfilm MP.
IEF and immunoblotting for HSP25/27
Myocytes (35 mm dishes) were scraped into 100 µl\dish of extraction buffer B [12.5 mM Tris\HCl (pH 7.5)\2.5 mM EGTA\1 mM EDTA\100 mM NaF\5 mM dithiothreitol\ 0.3 mM PMSF\0.12 mM pepstatin A\0.2 mM leupeptin\10 µM trans-epoxy succinyl--leucylamido-(4-guanidino)butane] and centrifuged (10 000 g, 5 min, 4 mC). Supernatants were mixed with an equal volume of 8 M urea\4 % (w\v) Bio-lyte 3-10\1 % (v\v) Triton X-100. Samples (2 µl, 2-3 µg of protein) were separated by IEF on 5 % polyacrylamide gels containing 4 M urea, 0.2 % (w\v) CHAPS, 5 % (v\v) glycerol, 2 % (w\v) Biolyte 3-10 at 100 V (15 min), then 200 V (15 min) and finally 450 V (1 h). Proteins were transferred to nitrocellulose and probed with HSP25\27 antibodies (1\100). Blots were processed as described previously [36] . Bands were quantified by laser-scanning densitometry.
Separation of HSP25/27 aggregates by gel-filtration FPLC
Myocytes (60 mm dishes) were scraped into 150 µl\dish extraction buffer A, centrifuged (10 000 g, 5 min, 4 mC) and the supernatants were recentrifuged. Supernatants (0.5 ml) were applied to a Superose 12 HR 10\30 column equilibrated with 10 mM Tris\HCl (pH 7.4)\1 mM EDTA\10 mM NaF\1 mM dithiothreitol\0.1 mM PMSF\10 % (v\v) glycerol. Proteins were separated at a flow rate of 0.25 ml\min, and 1 ml fractions were collected. Samples from each fraction were boiled with 0.33 vol. SDS sample buffer and immunoblotted for HSP25\27 as described above.
RESULTS

Activation of SAPK/JNK subfamily of the MAPKs
Activation of SAPK\JNKs by H # O # was studied using in-gel kinase assays with GST-c-Jun(1-135) as a substrate. The 46 kDa and 54 kDa SAPK\JNKs were rapidly activated by 0.1 mM H # O # ( Figure 1 ). Activation was apparent within 5 min and was maximal at approx. 15-30 min ( Figures 1A and 1B ). p46 SAPK\ JNK was activated approx. 5-fold and p54 SAPK\JNK was activated approx. 10-fold ( Figure 1B ). p46 and p54 SAPK\JNK activities remained above basal levels for at least 2 h (Figures 1A and 1B). To confirm the identities of the SAPKs\JNKs activated by H # O # , antibodies to human JNK1, which cross-react with the rat homologue, were used to immunoprecipitate the JNK1 gene products. This antibody immunoprecipitated almost all of the p46 SAPK\JNK activity and approx. 50 % of the p54 SAPK\ A similar very steep concentration dependence has been seen in perfused hearts [30] and cultured astrocytes [37] . Lower levels of activity were elicited by concentrations of H # O # of 0.1-1 mM ( Figure 1D ).
Activation of the ERK subfamily of MAPKs
Activation of 44 kDa and 42 kDa ERKs (ERK1 and ERK2, respectively) was determined using in-gel kinase assays with MBP as a substrate. As with the SAPKs\JNKs, activation of ERK1 and ERK2 was apparent from 5 min stimulation with Figure 2C ). A similar very steep concentration dependence has been seen in perfused hearts [30] and cultured astrocytes [37] . Lower levels of activation were seen at higher concentrations of H # O # . Other protein kinases including SAPKs\JNKs and p38-MAPK may also phosphorylate MBP in in-gel assays. To confirm that the bands seen on these gels after H # O # stimulation represented ERK1 and ERK2, the kinases were separated by Mono Q FPLC and the activation compared with that by 1 µM PMA, the most potent stimulator of ERKs yet identified in ventricular myocytes [20] [21] [22] . Two peaks of activity were detected after stimulation with H # O # (0.1 mM, 30 min) eluting at approx. 0.21 M NaCl (fraction 36) and 0.25 M NaCl (fraction 41) ( Figure  3A) . PMA (1 µM, 5 min) also stimulated these two peaks of activity ( Figure 3A) . In-gel assay of fractions 36 and 41 detected ERK2 in fraction 36 and ERK1 in fraction 41 ( Figure 3B) , consistent with previous studies [21] . No activity was detected in unstimulated cells (Figures 3A and 3B ). These experiments confirm that H # O # stimulates strongly ERK1 and ERK2 and this activation is comparable to that obtained with PMA. The mechanism of ERK activation by H # O # was investigated using selective inhibitors. PD98059 (50 µM), which selectively inhibits activation of MEK [MAPK (or ERK) kinase] 1 and, to a lesser degree, MEK2 [38, 39] , almost entirely inhibited the activation of ERKs by H # O # (0.1 mM, 30 min) (Figure 4 ). Since the upstream activation of MEK1\2 is necessary and specific for ERK activation [40] , this provides further evidence that the kinases stimulated by H # O # and detected on MBP in-gel assays were ERKs. Inhibition of protein kinase C (PKC) with the selective inhibitor GF109203X (10 µM) [41] PMA (1 µM, 24 h), a manoeuvre which down-regulates the classical and novel isoforms of PKC [43] 
Phosphorylation of p38-MAPK
p38-MAPK is activated by dual phosphorylation of Thr and Tyr residues within a Thr-Gly-Tyr motif [44] . Activation of p38-MAPK by H # O # was therefore studied by immunoblot analysis using an antibody specific for the dually phosphorylated (activated) form of p38-MAPK. No phosphorylated p38-MAPK was detected in untreated cells ( Figure 5) . A large increase in phosphorylated p38-MAPK was detected after 5 min of stimulation with 0.1 mM H # O # ( Figure 5 ). The amount of phosphorylated p38-MAPK declined over 15-30 min, but remained detectable over this period. p38-MAPK is thus more rapidly activated by H # O # than the other MAPKs (ERKs and SAPK\ JNKs).
Activation of MAPKAPK2
MAPKAPK2 is phosphorylated and activated by p38-MAPK [17] , and we studied its activation in myocytes exposed to H # O # . MAPKAPK2 was purified partially by Mono S FPLC and assayed with a peptide substrate. H # O # (0.1 mM, 5 min) stimulated a single peak of activity eluting at approx. 0.19 M NaCl ( Figure 6A ). This activation was essentially completely inhibited by 10 µM SB203580, a selective inhibitor of the p38-MAPK and p38-MAPKβ isoforms [45] [46] [47] [48] (Figure 6A ). Minimal activity was detected in untreated cells ( Figure 6A ). At 5 min, MAPKAPK2 was stimulated approx. 8-fold by 0.1 mM H # O # ( Figure 6B ). Although this activity declined subsequently, at 30 min it was still elevated approx. 4-fold, relative to control levels ( Figure 6B ). The time courses of MAPKAPK2 activation and inhibition by SB203580 are entirely consistent with phosphorylation and activation of MAPKAPK2 by p38-MAPK.
Phosphorylation of HSP25/27
HSP25\27 is phosphorylated on up to three sites (Ser-15, Ser-78 and Ser-82 [49, 50] ) by MAPKAPK2 and the related kinase, MAPKAPK3 [16, 17, 51] . The phosphorylation state of HSP25\27 was assessed by IEF in urea\polyacrylamide gels and subsequent immunoblotting. This method depends on the decrease in the isoelectric point induced by the introduction of negatively charged phosphate groups into HSP25\27. Up to three forms of HSP25\27 were detected using this method ( Figure 7A ). The most positively charged form is referred to as band 1 and the most negatively charged form (i.e. the most phosphorylated form) as band 3. Band 2 presumably represents an intermediate phosphorylation state. In unstimulated cells, HSP25\27 was detected primarily as bands 1 and 2 (approx. 60 % and 35 % of total, respectively) ( Figures 7A and 7B) . In ventricular myocytes exposed to hyperosmotic shock (0.5 M sorbitol, 30 min), a severe stress which induces very significant increase in phosphorylation of p38-MAPK(s) in neonatal myocytes (10-fold, results not shown), HSP25\27 was detected principally as bands 2 and 3 ( Figure 7A ). This change was completely inhibited by SB203580 (10 µM in DMSO), whereas DMSO alone had no effect on HSP25\27 phosphorylation. These data indicate that hyperosmotic shock stimulates the phosphorylation of HSP25\27 and is consistent with a mechanism involving p38-MAPK activation of MAPKAPK2, which phosphorylates HSP25\27. In myocytes exposed to H # O # (0.1 mM), there was little change in HSP25\27 phosphorylation at 2 min, but after 5 min, increased proportions of bands 2 and 3 were apparent ( Figures 7A and 7B) . After myocytes were exposed to H # O # for 20 min, as with hyperosmotic shock, HSP25\27 was detected primarily as bands 2 and 3 (approx. 40 % and 43 % of total, respectively). These data are consistent with increasing phosphorylation of HSP25\27 in response to H # O # , with maximal phosphorylation occurring after approx. 20 min stimulation with 0.1 mM H # O # . Increased phosphorylation remained detectable for up to 60 min. There was no significant change in the total immunoreactivity of HSP25\27 over this period ( Figure 7B ). As with hyperosmotic shock, the change in HSP25\27 phosphorylation induced by H # O # was completely inhibited by SB203580 (10 µM in DMSO), whereas DMSO alone had no effect on the ratio of the different forms of HSP25\27 in either untreated cells or cells exposed to H # O # ( Figure 7A ). These data are consistent with a p38-MAPK MAPKAPK2\3 pathway of HSP25\27 phosphorylation.
Aggregation state of HSP25/27
In unstimulated cells, HSP25\27 exists as high-molecular-mass aggregates [18] . Phosphorylation of HSP25\27 by MAPKAPK2 causes these aggregates to dissociate [18] . We investigated the aggregation state of HSP25\27 in neonatal myocytes exposed to hyperosmotic shock or H # O # , to determine the effects of phosphorylation on HSP25\27 aggregation in these cells. Proteins were separated by gel-filtration FPLC using a Superose 12 column and fractions were immunoblotted for HSP25\27. In unstimulated myocytes, HSP25\27 aggregates eluted close to the void volume in fractions 7-11, the majority eluting in fractions 8 and 9 ( Figures 8A and 8C, top panels) . In myocytes exposed to sorbitol (0.5 M, 30 min), HSP25\27 was detected in fractions 7-13, with approximately equal distribution between fractions 8 and 11 ( Figure 8A, lower panel) . The phosphorylation state of HSP25\27 in these fractions was assessed by IEF. HSP25\27 in fraction 8 from unstimulated cells was detected as bands 1 and 2 ( Figure 8B ). In contrast, in fraction 11 from cells exposed to hyperosmotic shock, HSP25\27 was detected as bands 2 and 3 ( Figure 8B ). These data indicate that phosphorylation of HSP25\27 in neonatal myocytes is associated with a decrease in its aggregation state.
We examined the aggregation state of HSP25\27 in myocytes exposed to H # O # (0.1 mM, 20 min). Under control conditions, HSP25\27 was detected principally in fractions 8 and 9, ( Figure  8C, upper panel) . Although a significant proportion remains in fractions 8 and 9 in myocytes exposed to H # O # , the presence of HSP25\27 in fractions 10-12 is clearly increased ( Figure 8C , lower panel). This indicates that, like sorbitol ( Figure 8A ), H # O # induces a shift of HSP25\27 to lower relative-molecular-mass aggregates.
DISCUSSION
Exposure of the heart or myocytes to ischaemia and ischaemia\ reperfusion results in a significant increase in ROS (reviewed in [3] [4] [5] ) and, in particular, H # O # [52, 53] . In cultured ventricular myocytes, H # O # induces apoptosis as shown by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling, DNA laddering and CPP32 activation [54] . In endothelial cells, H # O # induces an HSP25\27-dependent formation of actin stress fibres [55] . This is probably mediated by phosphorylation of HSP25\27 through p38-MAPK and MAPKAPK2\3 [55] . In other cells, H # O # has been reported to activate a combination of the three MAPK subfamilies [56] . Because of its potential importance in the heart, we have therefore examined the effects of H # O # on MAPK activities in primary cultures of ventricular myocytes. We have particularly focused on the p38-MAPK MAPKAPK2 HSP25\27 pathway, which may be important in cytoprotection. All three MAPK subfamilies were activated significantly by H # O # in ventricular myocytes (Figures 1, 2 and 5) , and activated p38-MAPK induced the activation of MAPKAPK2 and stimulated phosphorylation of HSP25\27 (Figures 7 and 8) .
Activation of the ERK cascade and SAPKs/JNKs by H 2 O 2
Consistent with findings in other cell types [56] , there was strong activation of ERKs in ventricular myocytes (Figure 2 ; approx. 16-fold relative to unstimulated cells). This was comparable with that seen after stimulation with the phorbol ester, PMA ( Figure  3 ). This contrasts with our studies in adult perfused hearts, in which H # O # did not stimulate significant activation of ERKs [30] . A factor contributing to this discrepancy may be the massive down-regulation of ERKs that occurs during development [25] . Activation of ERKs by H # O # was inhibited by the selective MEK1\2 inhibitor, PD98059 (Figure 4) , consistent with activation through the well-characterized ERK cascade. ERK activation also appeared to be PKC-dependent since it was attenuated by the selective inhibitor, GF109203X, and by chronic pretreatment (24 h) of the cells with PMA (Figure 4 ). The effect of PMA is to down-regulate the classical and novel isoforms of PKC which, in the heart, are principally cPKCα, nPKCδ and nPKCε [43] . However, H # O # did not translocate these isoforms from the soluble to the particulate fraction of the myocytes, an event generally associated with cPKC\nPKC activation [57] [58] [59] , nor was there any stimulation of phosphatidyl [$H]inositol hydrolysis, which generates diacylglycerol, the accepted physiological activator of these PKCs (results not shown). These data are consistent with studies in other cells [60] , and it has recently been proposed that H # O # may activate PKC isoforms by tyrosine phosphorylation and independently of any lipid cofactors [61] .
The SAPKs\JNKs were also activated strongly in ventricular myocytes by H # O # (Figure 1 ). Immunoprecipitation with antibodies selective for JNK1 gene products indicated that, as in other studies [23] , these were the principal SAPK\JNK isoforms activated in these cells. The time course for the activation of SAPKs\JNKs ( Figures 1A and 1B) and ERKs (Figures 2A and  2B ) were similar, with maximal activation at 15-30 min, after which the activities of both these groups of MAPKs declined. The concentration dependency of H # O # activation of SAPKs\ JNKs and ERKs was also similar, with no activation detectable at concentrations below 0.03 mM, maximal activation at 0.1 mM and reduced activities at higher concentrations ( Figures 1D and  2C ). These data indicate that there may be a threshold, which must be attained before H # O # can trigger the activation of these MAPKs.
Phosphorylation and activation of p38-MAPK by H 2 O 2
Unlike in the perfused adult rat heart [26, 28] , we (and others) have not yet demonstrated successfully activation of p38-MAPK in neonatal ventricular myocytes using in-gel kinase assays with GST-MAPKAPK2(40-400) as substrate. However, antibodies have recently become available that detect the dually phosphorylated (activated) form of p38-MAPKs. In this study, we have shown that p38-MAPK is phosphorylated in ventricular myocytes exposed to H # O # ( Figure 5 ). These results are consistent with another study which has been published recently, also showing phosphorylation of p38-MAPK [54] . H # O # stimulation of p38-MAPK phosphorylation in ventricular myocytes was very rapid, with maximal stimulation within 5 min, after which the phosphorylation declined ( Figure 5 ). This contrasts with the stimulation of SAPKs\JNKs and ERKs by H # O # which was maximal at 15-30 min ( Figures 1A, 1B, 2A and 2B ). To confirm that the phosphorylation of p38-MAPK represented its activation, we also assayed the activity of MAPKAPK2, a MAPK substrate that is phosphorylated selectively by p38-MAPK [17] . MAPKAPK2 was activated in ventricular myocytes exposed to H # O # and this activation was inhibited by SB203580, a selective inhibitor for p38-MAPK ( Figure 6A ). The time course of MAPKAPK2 activation closely paralleled that of p38-MAPK phosphorylation, with maximal activation at 5 min, after which the activity declined. These data indicate that H # O # did indeed activate p38-MAPK.
Our difficulty in demonstrating clearly activation of p38-MAPK (i.e. ability to phosphorylate GST-MAPKAPK2 in ingel kinase assays) in neonatal ventricular myocytes may be attributable to the very high ERK activities in the neonatal myocytes, which are significantly down-regulated in the adult heart [25] . Since ERKs can phosphorylate MAPKAPK2 in in itro assays (including in-gel assays), and were in fact proposed originally as the MAPKs responsible for the phosphorylation and activation of MAPKAPK2 [31] , activation of ERKs in ventricular myocytes results in the appearance of the 42 kDa ERK2 and 44 kDa ERK1 bands on an in-gel assay. It is not possible to distinguish easily between 42 kDa ERK2 and 38 kDa p38-MAPK on the mini-gels used. Larger gels would require large amounts of recombinant GST-MAPKAPK2(40-400). The situation is further complicated by the instability of activated p38-MAPK in extracts from neonatal ventricular myocytes, resulting possibly from high levels of protein phosphatase activity in these cells. This can be reduced by the inclusion of microcystin in the homogenization buffer. However, activity is still lost during the purification of p38-MAPKs, either by immunoprecipitation or on Mono Q FPLC (results not shown).
Mechanisms of activation of MAPKs by H 2 O 2
Net activation of MAPKs could result from the stimulation of MAPK kinases or the inhibition of the protein phosphatases that act on MAPKs or other phosphorylatable components of the MAPK signalling cascades. Like the inhibition by arsenite, the inhibition of protein phosphatases may be brought about by modification of essential thiol groups. Thus arsenite activates SAPKs\JNKs by inhibiting SAPK\JNK phosphatases [62] . The insulinomimetic action of H # O # has also been attributed to the inhibition of the protein tyrosine phosphatase(s) that act on the insulin receptor [63] . A similar scheme has been suggested for the H # O # -induced phosphorylation of the epidermal growth factor receptor [64, 65] . Here, H # O # may be an important physiological intracellular signalling molecule in its own right [65] .
We did not attempt to define the point of action of H # O # in any detail. Activation of ERKs by H # O # was inhibited by PD98059 (Figure 4) , a selective inhibitor of MEK activation [38] . Whereas this could be interpreted as indicating that activation of ERKs by H # O # results from activation of the ERK cascade rather than protein phosphatase inhibition, this is not necessarily the case. Other signalling proteins lying upstream from MEK1\2 are regulated by phosphorylation\dephosphorylation mechanisms (e.g. c-Raf [66] ). Inhibition of a hypothetical ' c-Raf phosphatase ' would still result in PD98059-sensitive activation of ERKs. This comment is equally applicable to the SAPK\JNK and p38-MAPK cascades, and assay of the phosphorylation or activation of the respective MAPK kinases (MKK4\7 and MKK3\6 [9] ) would not be definitive in determining the point of action of
Phosphorylation of HSP25/27
In certain cell types, phosphorylation of HSP25\27 is associated with stabilization of the actin cytoskeleton to protect it from damage induced by, amongst other agents, H # O # [18, 19] . Since MAPKAPK2 (and the related kinase, MAPKAPK3) phosphorylates HSP25\27 [16, 17, 51] , and since this kinase is activated in myocytes by cellular stresses [e.g. H # O # ( Figure 5 ) or hyperosmotic shock with 0.5 M sorbitol (results not shown)], we examined the phosphorylation state of HSP25\27 in cells exposed to these stresses. HSP25\27 was detected readily in extracts from neonatal ventricular myocytes and 2-3 µg of total protein extract was sufficient for Western blotting and IEF. The phosphorylation state of HSP25\27 was assessed by IEF ( Figure 7 ). Using this method, three forms of HSP25\27 were detected, representing different phosphorylation states ( Figure 7A ). HSP25\27 is phosphorylated on up to three sites (Ser-15, Ser-78 and Ser-82 [49, 50] ) by MAPKAPK2 and MAPKAPK3, which should allow for up to four different forms. The relationship between the different phosphorylation sites and the three HSP25\27 bands detected by IEF was not determined. In unstimulated cells, the two most positively charged forms (least phosphorylated), bands 1 and 2, were detected, whereas in cells subjected to hyperosmotic shock, the two most negatively charged forms, bands 2 and 3, were detected (Figure 7) , indicating an increase in phosphorylation state of HSP25\27. As in other cells [55] , H # O # induced a similar increase in the phosphorylation state of HSP25\27 and the time course was consistent with phosphorylation by MAPKAPK2 (i.e. phosphorylation was increased from 5 min and maximal at 20 min). Consistent with a p38-MAPK MAPKAPK2 HSP25\27 pathway, SB203580 inhibited the change in HSP25\27 phosphorylation induced by either hyperosmotic shock or H # O # .
In unstimulated cells, unphosphorylated HSP25\27 forms high-molecular-mass aggregates, which inhibit actin polymerization [67, 68] . Phosphorylation induces these aggregates to dissociate, the phosphorylation and disaggregation allowing HSP25\27 to stabilize the actin cytoskeleton [19, 55] . In ventricular myocytes, we also found that hyperosmotic stress and H # O # stimulated HSP25\27 to disaggregate. Using gel-filtration FPLC followed by immunoblotting of the fractions, a clear shift in the apparent relative molecular mass of the high-molecularmass aggregates to lower-molecular-mass fractions could be seen (Figures 8A and 8C ). This shift was associated with an increase in the phosphorylation state of HSP25\27 ( Figure 8B ). These data indicate that HSP25\27 is phosphorylated in ventricular myocytes through a p38-MAPK pathway, and suggest that, as in other cells, this may be an important protective mechanism.
Role of the MAPK subfamilies
The roles of the different MAPK subfamilies in myocyte function, or that of any other cell type, are still under investigation. In many cells, ERK activation is associated with cell survival [10] , whereas SAPKs\JNKs and p38-MAPK may promote apoptosis [10] [11] [12] [13] [14] . However, p38-MAPK stimulation of MAPKAPK2 and HSP25\27 phosphorylation is potentially cytoprotective. In the ventricular myocyte, all three MAPK subfamilies have been linked to the development of the hypertrophic phenotype, particularly that induced by phenylephrine [24, [69] [70] [71] [72] [73] [74] [75] , and the ERKs have also been associated with myocyte survival [54, 76] . Although they may be hypertrophic [73, 74] , the p38-MAPKs, especially p38-MAPK(α), may also be apoptotic [74] . The data from this study show that all three subfamilies can be activated strongly in ventricular myocytes in response to a single stimulus. It is therefore probable that the overall response will depend on the balance between the different MAPK activities and it is not yet clear whether ROS are hypertrophic, apoptotic or anoikic.
In summary, we have shown that H # O # , a ROS which is produced in the heart during ischaemia and ischaemia\ reperfusion, when it may participate in activating SAPKs\JNKs and p38-MAPK [24] , activates all three MAPK subfamilies (ERKs, SAPKs\JNKs and p38-MAPK) in primary cultures of neonatal rat ventricular myocytes. Furthermore, activation of p38-MAPK stimulates MAPKAPK2 activity and increases the phosphorylation of HSP25\27, inducing its disaggregation. This particular signalling pathway may have an important cytoprotective function in the heart, which will be further investigated.
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